A primary monolayer culture system from cockerel hepatocytes was established. The cultures synthesize and secrete proteins that comigrate with authentic serum proteins on polyacrylamide gels. and are found in the same relative abundance. Addition of estradiol increased the synthesis of apoprotein B. found in very low density lipoprotein, under all culture conditions. Vitellogenin synthesis could not be induced directly by estradiol. However, when serum was obtained from cockerels injected with estradiol 4 days before blood collection and included in the culture medium, the cultures secreted a protein identified immunologically as vitellogenin by affinity chromatography. Furthermore, addition of growth hormone or prolactin to cultured cockerel hepatocyte monolayers resulted in the synthesis and secretion of a polypeptide that comigrates with authentic vitellogenin on polyacrylamide gels.
under all culture conditions. Vitellogenin synthesis could not be induced directly by estradiol. However, when serum was obtained from cockerels injected with estradiol 4 days before blood collection and included in the culture medium, the cultures secreted a protein identified immunologically as vitellogenin by affinity chromatography. Furthermore, addition of growth hormone or prolactin to cultured cockerel hepatocyte monolayers resulted in the synthesis and secretion of a polypeptide that comigrates with authentic vitellogenin on polyacrylamide gels.
A great deal of effort has been directed at understanding the mechanisms by which steroid hormones control gene expression. Among the systems that have been studied, vitellogenesis in oviparous vertebrates has proved extremely informative. Several workers have been successful in demonstrating the in vivo induction of vitellogenin synthesis in livers of males following administration of relatively large amounts of 173-estradiol by using the amphibian system and the chicken system (1) .
Investigators have reported in vitro induction of vitellogenin synthesis in both tissue pieces and monolayer cell culture from amphibians Rana and Xenopus following the administration of this hormone (2, 3) . In addition, Wangh (3) reported that thyroid hormone was required, along with 173-estradiol, as a corequisite for induction in Xenopus liver. To date, however, the demonstration of primary induction of vitellogenin synthesis in vitro has been limited to the amphibian systems.
In the present paper, we describe a primary tissue culture system derived from post-embryonic cockerel hepatocytes that can be induced to synthesize and secrete vitellogenin into the culture medium. In addition to this specifically induced protein, the cells synthesize and secrete the normal array of serum proteins.
MATERIALS AND METHODS
Cell Culture. Hepatocytes were isolated from 50-to 150-g cockerels (a young male domestic fowl) and cultured essentially as described by Tarlow et al. (4) with minor modifications. Prior to cell isolation, blood was collected by cardiac puncture, and the liver was perfused in situ through the sinus venosus with 10 ml of collagenase solution (1 mg/ml; type IV collagenase; Worthington). Culture medium for all experiments was basal medium Eagle with Earle's salts (GIBCO) containing 5% (vol/vol) cockerel serum, Trasylol at 50 ,ug/ ml (FBA Pharmaceuticals, New York), hydrocortisone at 0.05 ,g/ml (Sigma), bovine insulin at 10 ,ug/ml (Sigma), and 0.1 uM 3,3',5'-triiodothyronine (Sigma). In some experiments where indicated, 17f3-estradiol (Sigma) was added to the cultures at 1 uM in 0.166% dimethyl sulfoxide or ethanol, and, in other experiments, bovine growth hormone at 10 jig/ ml (Seragen, Boston) or ovine prolactin at 10 ,ug/ml (Sigma) was added to the cultures. Cells were cultured in 3 ml of medium at 106 cells per ml in 35-mm 6-well tissue culture dishes (Costar, Cambridge, MA), and, where indicated, normal cockerel serum was replaced in the culture medium with serum from birds that had been given 17$-estradiol (25 mg/kg) 4 days before blood was collected. All cell cultures were incubated at 370C in an atmosphere of 5% C02/95% air.
Radioactive Labeling and Medium Analysis. Radiolabeling of the hepatocytes in culture was carried out by changing the culture medium 24 hr after culturing to fresh culture medium containing [35S]methionine at 10 or 50 puCi/ml (specific activity, 1100 Ci/mmol; 1 Ci = 37 GBq; New England Nuclear). At 48 hr and 72 hr and in some experiments % hr and 120 hr after culturing, samples of medium were removed and processed for analysis. Radioactivity incorporated into secreted proteins was determined by the filter pad method of Mans and Novelli (5) . Electrophoretic analysis of proteins on 5-17.5% or 5-22% linear gradient gels was as described by Laemmli (6) , and fluorography was carried out with preflashed X-Omat film (Kodak) by the sodium salicylate method described by Chamberlain (7) .
Affiity Chromatography. Medium samples from cell cultures were immunologically analyzed on anti-vitellogenin and anti-chicken serum albumin affinity columns as described by Gehrke et al. (8) . RESULTS Hepatocyte Culture. Fig. 1 shows a typical hepatocyte culture after =48 hr of culture. The cells, which attached to the culture dishes as early as 18 hr after culturing, flattened and assumed a polygonal morphology by 36-48 hr in culture. The appearance of these cells was essentially identical to that reported for avian hepatocytes (4 hepatocyte isolation, (ii) the source of chicken serum used to supplement the medium, and (iii) the presence or absence of estradiol in the culture medium. Hepatocyte cultures were prepared from either untreated cockerels or cockerels that had been injected 24 hr before blood was collected with estradiol at 25 mg/kg (1-day induced). Culture medium was supplemented with 5% (vol/vol) serum from either untreated cockerels or cockerels injected 4 days before blood was collected with estradiol at 25 mg/kg (4-day induced). The peak of vitellogenin induction occurs 4 days after injection (9) . Finally, cultures were supplemented either with 1 ;LM 17p3-estradiol in dimethyl sulfoxide (0.166%, final concentration in culture medium) or with dimethyl sulfoxide alone. Thus, eight culture conditions were examined.
Results from a typical experiment in which cells from each of these eight culture conditions were continuously labeled with [35S]methionine beginning 24 hr after cells were cultured are shown in Fig. 2 . The data are expressed as trichloroacetic acid-precipitable cpm/ml of medium, and samples were obtained 24 or 48 hr after labeling. Fig. 2A shows the pattern of trichloroacetic acidprecipitable radioactive protein recovered from the culture medium of hepatocytes obtained from 1-day induced cockerels and cultured in the presence of serum from normal cockerels or serum from 4-day induced cockerels. In both cases, cells were also incubated with or without added 1713-estradiol. Regardless of the type of serum present (normal cockerel serum or 4-day induced cockerel serum), cultures containing the added estradiol synthesized more trichloroacetic acid-precipitable radioactive material than the corresponding culture containing no added estradiol.
When cells from untreated cockerels were cultured in the presence of either normal serum or serum from 4-day induced cockerels, the addition of estradiol also resulted in a slight increase in trichloroacetic acid-precipitable radioactive material present (Fig. 2B ). However, in contrast to hepatocyte cultures from 1-day induced cockerels, the source of the serum supplement had a greater effect on the amount of acid-precipitable radioactive protein secreted than did the presence of estradiol. The specific activity of intracellular protein was constant under all culture conditions, and the plating efficiency was the same for all groups (data not shown). Thus, the data of Fig. 2 suggest (i) that estradiol promotes a quantitative increase in the rate of secretion of acid-precipitable radioactive protein regardless of serum source and of in vivo treatment of cells and (ii) that serum from estradiol-treated cockerels has a similar effect, but only on hepatocytes from untreated cockerels. (vol/vol) serum from normal cockerels with 1 AtM estradiol added; 4, 5% (vol/vol) serum from normal cockerels with no added estradiol. (B) Cells were isolated from normal cockerels. Medium supplements were as follows. Curves: 5, 5% (vol/vol) serum from 4-day induced cockerels and 1 ,uM estradiol; 6, 5% (vol/vol) serum from 4-day induced cockerels with no added estradiol; 7, 5% (vol/vol) serum from normal cockerels with 1 AuM estradiol added; 8, 5%
(vol/vol) serum from normal cockerels with no added estradiol.
To determine whether the observed increase in synthesis by cells cultured in the presence of added estradiol or serum from induced cockerels represented a general increase or an increase in specific products, samples of the culture medium were analyzed by NaDodSO4/polyacrylamide gel electrophoresis and fluorography. Fig. 3 is a composite of fluorograms from the eight culture conditions discussed above (Fig. 2) .
The levels of vitellogenin induction should not be judged by the same standard as in vivo induction, which is by itself 1 (10) . To avoid overloading gels, it was necessary to obtain proteins of high specific activity, and because serum was in the medium, it was more economical to use methionine rather than leucine as the label.
A normal array of serum proteins was synthesized by the hepatocytes in all culture conditions (Fig. 3) (4, 8, 11, 12) .
In addition to the synthesis of normal serum proteins, cells cultured in 5% (vol/vol) serum from induced cockerels (Fig.  3, lanes 1, 2, 5 To further characterize this polypeptide, culture medium from normal cells cultured in 5% serum from 4-day induced cockerels was applied to an anti-vitellogenin affinity column, and material was eluted as described (8) . The resulting absorbance profile and radioactivity of eluant fractions are shown in Fig. 4 . As seen in Fig. 4A , a specific A280 absorbance peak was eluted that corresponded directly to a peak of radioactivity. To confirm the specificity of the column (8) , medium from normal cells cultured with serum from uninduced cockerels (supplemented with estradiol) was tested, and neither an absorbance peak nor a specific radioactive peak was observed (Fig. 4B) . To rule out the possibility that serum from induced cockerels was somehow causing nonspecific binding of radioactive material to unlabeled vitellogenin in the serum, a sample of the culture medium that was used in Fig. 4B was mixed with an equal volume of unlabeled culture medium containing serum from 4-day induced cockerels, and then vitellogenin was purified by affinity chromatography. As seen in Fig. 4C , an A280 absorbance peak was obtained (substantiating the specificity of the column for vitellogenin), but no significant peak of radioactive material was observed. In addition, the experiment depicted in Fig. 4A was repeated except that incubation was carried out in the absence of cells. An identical A280 profile was recorded with only background level radioactivity in the vitellogenin-specific eluate (data not shown). Therefore, the affinity chromatography identifies authentic vitellogenin synthesized and secreted under these conditions. These data show that monolayer cultures of cockerel hepatocytes are capable of synthesizing and secreting the female-specific yolk precursor protein vitellogenin when cultured in the presence of serum obtained from 4-day induced cockerels.
Avian liver cells in culture are known to metabolize estradiol at significant rates (13) . If a higher concentration of estradiol were necessary to induce vitellogenin synthesis than synthesis of apoprotein B, rapid metabolism of estradiol could explain the failure of vitellogenin induction in the presence of serum from uninduced birds. To test this possibility and to minimize the effects of serum, cells were cultured in 5% (vol/vol) serum from uninduced birds, and then after 24 hr medium was changed to serum-free medium supplemented with estradiol at various concentrations. The cells were incubated for 48 hr in [35S]methionine. Samples of culture medium were electrophoresed on 7.5% polyacrylamide gels, and the gels were subjected to fluorography as described. The results from this experiment are shown in Fig. 5 of inducing the synthesis of apoprotein B. These results suggest that in cultured hepatocytes the induction of apoprotein B, but not vitellogenin, is dependent on estradiol. A higher concentration of estradiol does not appear to induce vitellogenin synthesis. The run-through fraction from the anti-vitellogenin affinity column was further analyzed for the presence of a normally synthesized serum component, chicken serum albumin. Fig. 6 shows the results obtained when this run-through fraction was applied to an anti-chicken serum albumin affinity column. The A280 absorbance profile and radioactivity of the eluent fractions are shown in Fig. 6A . When the fraction containing the highest peak of radioactivity was analyzed by NaDodSO4/polyacrylamide gel electrophoresis and fluorography, a single radioactive band was obtained (Fig. 6B , lane 1) that comigrated with authentic chicken serum albumin present in the run-through from the column (Fig. 6B, lane 2) . These data show specifically that chicken serum albumin is among the proteins synthesized by chicken liver cells in culture.
In the final set of experiments the effect of growth hormone or prolactin on the synthesis and secretion of vitellogenin was examined. The results from these experiments are shown in Fig. 7 FIG. 6 . Analysis of culture medium sample by affinity chromatography with rabbit antibodies to chicken albumin covalently coupled to Sepharose 4B. Labeling conditions were as described in Fig. 2 . The column was loaded and washed, and chicken albumin was eluted as described by Gehrke et al. 
DISCUSSION
It has been shown (9, 14, 15, 27, 28) that the administration of estrogens to immature female chickens or cockerels results in the synthesis and secretion by the liver of the female-specific yolk-precursor protein vitellogenin. To date, however, the in vitro induction of this protein has not been satisfactorily demonstrated in birds.
Cell Biology: Boehm et al. In the present work, we have shown that post-embryonic cockerel hepatocytes are capable of synthesizing and secreting vitellogenin into the culture medium when cultured in serum from estradiol-treated roosters. This synthesis occurred in the absence of exogenous estradiol and did not appear to increase upon addition of exogenous estradiol at the concentrations tested. However, addition of estradiol under all culture conditions tested resulted in the relative increase in the synthesis and secretion of apoprotein B found in very low density lipoprotein, in agreement with the results of others (4, 8, 12) . Therefore, estradiol induces cells in culture to synthesize and secrete apoprotein B. These results suggest that, in contrast to amphibians (2, 16) , avian hepatocytes require factor(s) other than or in addition to estradiol for the in vitro expression of the vitellogenin genes.
The hormonal requirements for vitellogenesis have not been fully characterized in vertebrates and may well differ from class to class. In cyclostomes, elasmobranchs, and amphibians, there seems to be no requirement of pituitary factors for vitellogenesis (16, 17) . By contrast, there is evidence that for several reptiles growth hormone or some related polypeptide is required for hepatic synthesis and secretion of vitellogenin. In hypophysectomized iguanas, a combination of human growth hormone and estradiol was capable of raising hepatic protein and nucleic acid levels, as well as serum protein levels, to levels achieved by the administration of estradiol to control iguanas. Neither growth hormone nor estradiol alone had any effect in the hypophysectomized animals (18) . In similar experiments on freshwater turtles the stimulatory effects of growth hormone were shown to be on alkali-labile serum phosphate-i.e., vitellogenin (19) .
One function that vitellogenin may serve in birds and reptiles that it does not serve in amphibians is the provision of calcium phosphate for bone development (4) . Avian vitellogenin is twice as rich as amphibian vitellogenin in phosphoserine (14) , and, following estradiol administration in chickens, the level of bound serum calcium increases 10-fold (10) . This suggests that avian vitellogenin might be similar in function and regulation to casein, in that both are calcium carrier proteins greatly enriched in phosphoserine, both contribute to bone formation, and both are influenced by estradiol in vivo. In mammals, prolactin appears to control the synthesis and secretion of casein by mammary gland tissue (20) , and prolactin secretion is in turn stimulated by estradiol (21) . It is possible that a similar mode of regulation of vitellogenin synthesis may exist in birds and reptiles. This could explain the induction of vitellogenin by serum obtained from estradiol-treated animals but not by directly supplying estradiol to the culture medium. It could also explain the results of Callard et al. (18) and Ho et al. (19) , since growth hormones and prolactins have strongly related amino acid sequences (22) .
Furthermore, our finding that growth hormone or prolactin can induce the production, by primary-cultured male cockerel hepatocytes, of a polypeptide that comigrates with authentic vitellogenin (a female-specific polypeptide) on NaDodSO4/polyacrylamide gels may be related to the demonstration in the rat mammalian system that growth hormone is a male liver feminizing factor (23) (24) (25) (26) . Thus, the sex-differentiating maintenance effects of growth hormonelike polypeptides on liver may be an evolutionarily conserved function in higher vertebrates as evidenced by the findings in reptile systems (18, 19) , our studies on the chicken avian system, and the determinations in the rat mammalian system (23) (24) (25) (26) . In these taxonomic groups one can elicit feminine properties from male liver by administration of growth hormone. Therefore, the maintenance of the sexual differentiation of the higher vertebrate liver appears to be under complex multihormonal regulation involving sex steroid-hypothalamus-pituitary-liver interplay with some variation between phylogenetic groups.
